In recent years quantum correlations have received a lot of attention as a key ingredient in advanced quantum metrology protocols. In this Letter we show that they provide even larger advantages when considering multiple-interferometer setups. In particular, we demonstrate that the use of quantum correlated light beams in coupled interferometers leads to substantial advantages with respect to classical light, up to a noise-free scenario for the ideal lossless case. On the one hand, our results prompt the possibility of testing quantum gravity in experimental configurations affordable in current quantum optics laboratories and strongly improve the precision in ''larger size experiments'' such as the Fermilab holometer; on the other hand, they pave the way for future applications to high precision measurements and quantum metrology. The dream of building a theory unifying general relativity and quantum mechanics, the so-called quantum gravity, has been a key element in theoretical physics research for the past 60 years. Several attempts in this sense have been considered. However, for many years no testable prediction emerged from these studies, leading to the common wisdom that this kind of research was more properly a part of mathematics than of physics, being by construction unable to produce experimentally testable predictions as required by the Galilean scientific method. In the past few years this common wisdom has been challenged [1-6]. More recently, effects in interferometers connected to noncommutativity of position variables in different directions [7, 8] have been considered for both cavities with microresonators [4] and two coupled interferometers [5], the so-called ''holometer.'' In particular, this last idea led to the planning of a double 40 m interferometer at Fermilab [9].
In recent years quantum correlations have received a lot of attention as a key ingredient in advanced quantum metrology protocols. In this Letter we show that they provide even larger advantages when considering multiple-interferometer setups. In particular, we demonstrate that the use of quantum correlated light beams in coupled interferometers leads to substantial advantages with respect to classical light, up to a noise-free scenario for the ideal lossless case. On the one hand, our results prompt the possibility of testing quantum gravity in experimental configurations affordable in current quantum optics laboratories and strongly improve the precision in ''larger size experiments'' such as the Fermilab holometer; on the other hand, they pave the way for future applications to high precision measurements and quantum metrology. The dream of building a theory unifying general relativity and quantum mechanics, the so-called quantum gravity, has been a key element in theoretical physics research for the past 60 years. Several attempts in this sense have been considered. However, for many years no testable prediction emerged from these studies, leading to the common wisdom that this kind of research was more properly a part of mathematics than of physics, being by construction unable to produce experimentally testable predictions as required by the Galilean scientific method. In the past few years this common wisdom has been challenged [1] [2] [3] [4] [5] [6] . More recently, effects in interferometers connected to noncommutativity of position variables in different directions [7, 8] have been considered for both cavities with microresonators [4] and two coupled interferometers [5] , the so-called ''holometer.'' In particular, this last idea led to the planning of a double 40 m interferometer at Fermilab [9] .
Here, we consider whether the use of quantum correlated light beams in coupled interferometers could lead to significant improvements allowing an actual simplification of the experimental apparatuses to probe the noncommutativity of position variables. On the one hand, our results demonstrate that the use of quantum correlated light can lead to substantial advantages in interferometric schemes also in the presence of nonunit quantum efficiency, up to a noise-free scenario for the ideal lossless case. This represents a big step forward with respect to the quantum metrology schemes reported in the literature [10] [11] [12] [13] , and paves the way for future metrology applications. On the other hand, they prompt the possibility of testing quantum gravity in experimental configurations affordable in a traditional quantum optics laboratory with current technology.
The idea at the basis of the holometer is that noncommutativity at the Planck scale (l p ¼ 1:616 Â 10 À35 m) of position variables in different directions leads to an additional phase noise, referred to as holographic noise (HN).
In a single interferometer I this noise substantially confounds with other sources of noise, even though the most sensible gravitational wave interferometers are considered [5] , since their HN resolution is worse than their resolution to gravitational wave at low frequencies. Nonetheless, if the two equal interferometers I 1 and I 2 of the holometer have overlapping spacetime volumes, then the HN between them is correlated and easier to identify [5] . Indeed, the ultimate limit for holometer sensibility, as for any classicallight based apparatus, is dictated by the shot noise; therefore, the possibility of going beyond this limit by exploiting quantum optical states is of the greatest interest [11, [14] [15] [16] .
In the past the possibility of exceeding the shot-noise limit in gravitational-wave detectors was suggested [17, 18] and, recently, realized [19] by using squeezed light. As shown in the following, this resource can indeed allow an improvement of holometerlike apparatuses as well. Nonetheless, in this case, having two coupled interferometers, the full exploitation of properties of quantum light, and in particular of entanglement, may lead to much larger improvements.
In general, the observable measured at the output of the holometer may be described by an appropriate operatorĈð 1 ; 2 Þ, k being the phase shift (PS) detected by I k , k¼1, 2, with expectation value hĈð 1 ; 2 Þi¼ Tr½ 12Ĉ ð 1 ; 2 Þ, where 12 is the overall density matrix associated with the state of the light beams injected in I 1 and I 2 .
In order to observe the HN, one should compare [5] hĈð 1 ; 2 Þi in two different experimental configurations of I 1 and I 2 , namely, parallel (k) and perpendicular (?) (Fig. 1) . In configuration k, the interferometers are oriented so that the HN induces the same random fluctuation of their PSs, leading to a substantial correlation between them, since they occupy overlapping spacetime volumes [5, 20] . Thus, by measuring the correlation of the interference fringes, one can highlight the presence of the HN. Configuration ? serves as a reference measurement, namely, it corresponds to the situation where the correlation due to HN is absent, since their spacetime volumes are not overlapping [5, 20] ; in other words, it is equivalent to the estimation of the ''background.'' The statistical properties of the PS fluctuations due to HN may be described by a suitable probability density function, f x ð 1 ; 2 Þ, x ¼k , ?. In turn, the expectation of any operatorÔð 1 ; 2 Þ, or function of the PSs, should be averaged over f x ; namely,
As in the holometer, the HN arises as a correlation between two phases, the appropriate function to be estimated is their covariance in the parallel configuration E k ½ 1 2 , where k ¼ k À k;0 , and k;0 are the mean PS values measured by I k , k ¼ 1, 2. Since the holographic noise is supposed to be small, we can expand theĈ operator in terms of small fluctuation k . According to Eq. (1) we are able to directly relate the covariance of the PSs to the observable quantities (see Supplemental Material, Sec. I, for details [21] ):
Equation (2) states that the covariance can be estimated by measuring the difference between the expectation values of the operatorĈ in the two configurations. Thus, this difference represents the measured signal, while the coefficient at the denominator is the sensitivity. One has to reduce as much as possible the uncertainty associated with its measurement:
where 
where Var½Ĉð 1;0 ; 2;0 Þ ¼ hĈð 1;0 ; 2;0 Þ 2 i À hĈð 1;0 ; 2;0 Þi 2 does not depend on the PSs' fluctuations due to the HN, but it represents the intrinsic quantum fluctuations of the measurement described by the operator Cð 1 ; 2 Þ and depends on the optical quantum states sent in the holometer. In particular, our aim is to look for a suitable choice of quantum optical state 12 and an operatorĈð 1 ; 2 Þ that reduces this zero-order contribution to the uncertainty. In the following we will demonstrate that the use of quantum resources, like squeezing or, much more, entanglement, provides huge advantages in terms of achieved accuracy with respect to classical light.
As a first example we consider a configuration (SQ) where the two input modes of each interferometer I k , k ¼ 1, 2, are excited in a coherent state and a squeezed vacuum state with mean number of photons k and k , respectively (see Fig. 1 ). Since the difference of the number of photons in the two output ports of each interferometer,
can be used to estimate the corresponding k with sub-shot-noise resolution [10, 11, 17] , reasonably the covariance E k ½ 1 2 can be efficiently evaluated from the covariance betweenN 1À ð 1 Þ andN 2À ð 2 Þ. Therefore, we defineĈð 1 ; 
In perfect analogy with the PS measurement for a single interferometer [17, 18] 
CL % ffiffiffi 2 p =, i.e., when only coherent states are employed. Nevertheless, an important difference between the single interferometer PS measurement, involving a first-order moment of the photon number distribution, and the covariance estimation, involving the second-order momenta, arises: while in the first case the uncertainty scales as the usual standard quantum limit one, / À1=2 , in the second case it scales / À1 (neglecting the little relative contribution of the squeezing to the intensity). We remark that the advantage of the present scheme is based on the independent improvement of the resolution of each interferometer which is itself limited by the amount of squeezing (see Supplemental Material, Sec. II [21] ). However, the aim of the holometer is to couple I 1 and I 2 minimizing the noise on their outputs correlation, namely, regardless of the noise in the single interferometer. This suggests that quantum correlated states, coupling I 1 and I 2 , could further enhance the performance of the holometer.
To this aim, we consider a new configuration (TWB) where modes a 1 and a 2 of Fig. 1 [24] . The input modes b 1 and b 2 are still excited in two coherent states, so that the four-mode input state is jc i ¼ jTWBii
One of the peculiarities of the state jTWBii a 1 ;a 2 is the presence of the same number of photons in the two modes [14, [25] [26] [27] , then each power of the photon number difference of the two modes is identically null,
We also observe that, in the absence of the HN and choosing the optimal working regime k;0 ¼ 0, k ¼ 1, 2, I 1 and I 2 behave like two completely transparent media for their input fields [see again Supplemental Material, Sec. II, Eq. (4) [21] ]. In particular, output modes c 1 and c 2 exhibit perfect correlation between the number of photons, which directly comes from the input modes a 1 and a 2 , leading to the the natural choice of the observable as the fluctuation of the photon numbers' difference, 
which is nonzero for both , Þ 0 and it is maximized for À ¼ 0. This quantity represents also the coefficient of proportionality in Eq. (2) between the covariance of the HN and the measured signal. It is worth noting that, even though for k;0 ¼ 0 the coherent state gives no contribution to the output modes c 1 and c 2 , being completely transmitted to the complementary modes d 1 and d 2 , when fluctuations of the PS occurs a little portion will be reflected to the monitored ports and this guarantees the sensitivity to the HN PSs' covariance. Thus, the correlation property of the TWB state leads to the amazing result that the contribution to the uncertainty coming from the photon number noise shown in Eq. (4) is U ð0Þ TWB ¼ 0 (when , Þ 0), representing an ideal accuracy of the interferometric scheme to the PS's covariance due to HN and the main achievement of the present study.
The question that now arises is how and to what extent our conclusions are affected by a nonunity overall transmission-detection efficiency (see Supplemental Material, Sec. III [21] ). In Fig. 3 we plot U ð0Þ for the SQ, TWB and classical coherent state (CL) approaches, as a function of (assumed to be the same for both the interferometers) for a modest level of nonclassical resources ( ¼ 0:5). As one may expect, SQ exhibits a small advantage in this regime. However, in the high efficiency region (albeit with values reasonably achievable with current technologies) the TWB-based approach provides a significant improvement not only with respect to classical setup, but also with respect to SQ.
Focusing on the limit of very small quantum resources, i.e., ( 1 and ) 1, U 
SQ not surprisingly approaches the classical case, while for TWB, we have a degradation of the performances with respect to the ideal case ( ¼ 1). Anyway, an improvement with respect to the classical case is kept for > 2=3, demonstrating that a relatively faint TWB can provide an interesting improvement in the HN detection.
In the opposite limit of high quantum resources exploited, i.e., ) ) 1, U ð1 À Þ reveal that the performances of the quantum strategies are limited by the presence of the terms (1 À ). Here the main difference between SQ and TWB is that for % 1 SQ exhibits an uncertainty lower bounded to ð4Þ À1 , i.e., depending on the squeezing intensity. On the other hand, the TWB approach beats the classical one for > 0:683, while for % 1 it goes to zero: this demonstrates that the use of quantum light can largely improve the performances of a holometer addressed to test quantum gravity models.
A last source of noise, which could affect our results, may derive from the radiation pressure (RP) [17, 28, 29] . However, our model is perturbative in phase fluctuations k and, according to Eq. (4), the main noise contribution should come from the zeroth-order term corresponding to the photon noise. RP is assumed to introduce a secondorder contribution to the uncertainty (see Supplemental Material, Sec. IV for details [21] ) that is related to the light fluctuation in the arms of the interferometers and to the phase shift induced by the mirror's recoil [the latter is given by ð!=2mcÞP , where ! and P are the central frequency of the light and the momentum of the photon, respectively, the measurement time, and m the mirrors mass [17] ]. In the case of a single interferometer fed by squeezed light, the amplitude of the RP noise varies with the squeezing parameter at the opposite of the photon noise, namely, if one decreases, the other increases and vice versa; thus, an optimum regime must be found. In the context of our proposal the behavior is similar, but for reasonable values of the involved parameters RP noise is completely negligible (justifying our perturbative approach). Figure 3 shows how RP noise starts to affect the uncertainty for an average coherent field intensity * 10 23 for ¼ 10 À3 s (the photons introduced by the quantum modes are negligible), which is a power larger than @!=¼3:3Â10 7 W. Since the HN must be sought in the region of the MHz, i.e., for a short measurement time ( % 10 À6 s), the RP contribution would be significant for power values larger than 10 13 W, a value well far away from the current and future interferometry technology. One can be surprised that in the present scheme the radiation pressure is negligible, while it is not always the case for the standard phase measurement involving a single interferometer. However, we stress that here we are measuring a phase covariance between two interferometers, instead of the phase values in single ones.
In conclusion, in addition to our analysis concerning the use of two independent squeezed states, which substantially confirms the advantages already demonstrated for gravity wave detection, the investigation carried out exploiting entanglement leads to the unprecedented result that, in an ideal situation, the background noise can be completely washed out. This achievement not only paves the way for reaching much higher sensibility in the holometer under construction at Fermilab or for the realization of a tabletop experiment to test quantum gravity, but also sheds some first light on new unexpected opportunities offered by the use of quantum states of light for a fundamental reduction of noise in interferometric schemes.
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